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Random tunneling two-level systems (TLSs) in dielectrics have been of interest recently because
they adversely affect the performance of superconducting qubits. The coupling of TLSs to qubits has
allowed individual TLS characterization, which has previously been limited to TLSs within (thin)
Josephson tunneling barriers made from aluminum oxide. Here we report on the measurement of
an individual TLS within the capacitor of a lumped-element LC microwave resonator, which forms
a cavity quantum electrodynamics (CQED) system and allows for individual TLS characterization
in a different structure and material than demonstrated with qubits. Due to the reduced volume of
the dielectric (80 µm3), even with a moderate dielectric thickness (250 nm), we achieve the strong
coupling regime as evidenced by the vacuum Rabi splitting observed in the cavity spectrum. A TLS
with a coherence time of 3.2 µs was observed in a film of silicon nitride as analyzed with a Jaynes-
Cummings spectral model, which is larger than seen from superconducting qubits. As the drive
power is increased, we observe an unusual but explicable set of continuous and discrete crossovers
from the vacuum Rabi split transitions to the Glauber (coherent) state.
Cavity quantum electrodynamics (CQED) phenom-
ena, including vacuum Rabi splitting (VRS) [1] and en-
hanced spontaneous emission [2], have greatly advanced
the understanding of photons coupled to atoms [3], ions
[4, 5] and superconducting qubits [6–8]. While the per-
formance of the latter is often limited by random tun-
neling two-level systems (TLSs) [9–11], these low-energy
excitations have also served as local quantum memories
[12]. In these studies, measurement of individual TLSs
properties, including their coherence times [13–15], have
previously been limited to thin (∼ 1 nm) layers of alu-
minum oxide, the prevalent material for Josephson junc-
tion tunneling barriers. However, other structures, in-
cluding capacitors, are used in qubits, and other ma-
terials are known to be scientifically interesting due to
unconventional TLS properties, e.g. low TLS density
[16–18]. It is therefore desirable to characterize individ-
ual TLSs in insulating structures and materials, without
being limited to tunneling-barrier structures.
Here we report on a CQED study with TLSs where the
TLSs are coupled to a cavity, which allows us to charac-
terize an individual TLS in an insulating-thickness film
of 250 nm. In our experiment, the cavity is a circuit
resonator made from a capacitor containing amorphous
silicon nitride dielectric and an inductor. Similar to some
amorphous silicon, the type of silicon nitride has a lower
density of TLSs when compared to other amorphous
solids [16, 17]. By using microscopic volumes of this ma-
terial, we reach the CQED strong-coupling regime using
a single strongly-coupled TLS, and observe VRS below a
single photon (on average) in the cavity. We also observe
a quantum-to-Glauber (coherent) crossover as the drive
power is increased, which results in a wishbone-shaped
FIG. 1. Optical image of capacitor C and inductor L for
resonators with (a) the smallest (80 µm3) and (b) the largest
(5000 µm3) dielectric volumes. Aluminum appears light and
the sapphire substrate appears black.
transmission. This results from two different phenom-
ena emerging from the VRS transitions as the coherent
drive power is increased. The weakly-coupled TLSs are
also studied, and can be clearly distinguished from the
strongly-coupled TLS.
Microwave resonators (each containing an inductor and
a capacitor) were made with superconductor-insulator-
superconductor trilayer capacitors having dielectric vol-
umes V ranging from 80 to 5000 µm3 (see Fig. 1). De-
spite having substantially different volumes, the cavity
(lumped-element resonator) frequencies ωc/2pi were kept
in the 4.6 to 6.9 GHz range. The devices were fabri-
cated from superconducting aluminum films with a 250
nm thick film of amorphous hydrogenated silicon nitride
(a-SiNx:H) forming the capacitor dielectric [17]. Five res-
onators were fabricated on a chip and coupled (both in-
ductively and capacitively) to a 20 µm wide transmission
line resulting in a multi-band bandstop transmission.
Each resonator’s transmission S21 was measured at
25 mK in a dilution refrigerator with a coherent in-
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2put. The cavity photon number n¯max changed from ap-
proximately 10−4 to 103, where n¯max is defined as the
maximum time-averaged value from a frequency scan at
a fixed input power. For the two resonators with the
largest insulator volumes, 5000 and 2500 µm3, a stan-
dard analysis [19] yielded a low-power (n¯max  1) loss
tangent of tan δ0 ≡ κ⊥/ωc ' 1 × 10−4 where κ⊥ rep-
resents the photon decay rate from internal loss mech-
anisms set by the weakly-coupled TLSs. At this low-
temperature limit, the loss tangent depends on the elec-
tric field amplitude E in the dielectric approximately as
tan δ = tan δ0/
√
1 + (E/Ec)2. This follows from the
standard model of TLSs [20, 21] with excitation en-
ergy E =
√
∆2 + ∆20 and standard TLS distribution
d3N = (P0/∆0)d∆d∆0dV where N is the TLS number,
P0 = 30r tan δ0/pip
2, ∆0 represents the tunneling en-
ergy and 0r is the dielectric permittivity. ∆ denotes
the offset energy between the two wells, which is per-
turbed by the interaction energy p · E = pE cos θ of the
TLS dipole moment p, at an angle θ with respect to the
electric field E. We measured Ec = 4.6 V/m for the two
largest-volume resonators. The same value was found
and expected for both resonators since for large (bulk)
samples, Ec is only dependent on a characteristic TLS
coherence time and Rabi frequency. At the critical field
in these resonators, the photon number is greater than
1, which is a consequence of small coupling between the
TLSs and cavity relative to the TLSs’ decay rate, and
allows a classical treatment of the field [22]. However,
for the smaller volume (larger CQED coupling) regime
discussed below, this no longer holds.
For the smallest insulator volume, at 80 µm3, at low
photon numbers (n¯max  1) the transmission magni-
tude (Fig. 2(a)) showed a second resonant dip, while
the real (Fig. 2(b)) and imaginary (Fig. 2(c)) parts re-
vealed that each belongs to a separate resonance loop in
the complex plane. This second dip (transition ampli-
tude) is consistent with a single TLS strongly interacting
with the cavity, i.e. CQED. Two intermediate insula-
tor volumes, at 230 and 760 µm3, also showed features
consistent with discrete TLSs. Because these devices ex-
hibit CQED effects due to their volumes V , we refer to
them as micro-V resonators; below we only analyze the
80 µm3 device. Similar to an atom-cavity system, strong-
coupling CQED can be achieved when the TLS-resonator
coupling g = ∆0E p cos θ
√
ω0/2r0h¯V is similar or greater
than
√
γTLS(κ⊥ + κ‖) where γTLS is the TLS decay rate
and κ‖ is the cavity’s photon decay rate from coupling to
the external transmission line. We now examine how the
micro-V resonator can exhibit a single strongly-coupled
TLS.
The average number N¯ of TLSs in the bandwidth B of
the micro-V resonator can be estimated using the stan-
dard TLS distribution. TLSs, each with their own ∆
and ∆0, can resonantly exchange excitations with cavity
photons at energy h¯ω. Using a representative angle of θ,
FIG. 2. (a) Measured |S21| vs. frequency f (blue) and opti-
mum fit (red) at 25 mK. (b) and (c) show corresponding real
and imaginary parts of S21. (d) Measured (blue) and best fit
(red) of |S21| vs. frequency at 200 mK. fc and fTLS are the
cavity and TLS frequencies, respectively. (e) Diagram of the
lowest energy levels of the bare TLS and cavity states (g = 0)
on-resonance, and the dressed states (g 6= 0).
we estimate the number of TLSs available for strong cou-
pling as N¯ ' 2piP0V h¯B, where B = κ⊥/pi for a critically
coupled resonator, and therefore N¯ ∝ tan2 δ0. Using κ‖
which is near critical coupling (κ‖ ' κ⊥), and the mea-
sured value of p from Ref. [23], we calculate N¯ ' 1
observable TLS in the smallest micro-V resonator (given
that the corresponding γTLS satisfies the strong coupling
criteria). This is consistent with the micro-V device data
taken from multiple cooldowns. We note that this tech-
nique could be applied to other materials, e.g. to achieve
N¯ ' 1 in air-exposed alumina [24] a smaller V can be
used to compensate for the larger TLS density.
The Hamiltonian used for further analysis contains the
Jaynes-Cummings model [25] in the first three terms,
H = h¯ωcc†c+ ih¯g(S+c− c†S−) + ESz +Hex. (1)
A harmonic oscillator with photon annihilation operator
3c represents the resonator which is strongly-coupled (with
rate g) to a TLS with pseudospin operators S−, S+ and
Sz. The other TLSs are assumed to be weakly-coupled,
giving rise to κ⊥. The external coupling Hamiltonian
Hex = h¯ωdd†d+h¯Ω(d†c+c†d) accounts for the coupling to
the transmission line with photon annihilation operator
d.
At small average photon numbers in the cavity,
n¯max  1, and in the low-temperature limit (kBT  h¯ω),
the dominant TLS can be treated as an oscillator. At
higher temperatures (kBT >∼ h¯ω) we used a mean field
approach and replace Sz with its thermodynamic average
〈Sz〉 = − 12 tanh(h¯ω/2kBT ). The single-photon transmis-
sion, appropriate for n¯max  1 is
S21 ' 1−
κ˜‖/2
κ˜‖
2 +
κ⊥
2 + i (ω − ωc) + g
2 tanh(h¯ω/2kBT )
γTLS
2 +i(ω−ωTLS)
. (2)
The complex coupling rate κ˜‖ has a small imaginary com-
ponent Im(κ˜‖) Re(κ˜‖)(' κ‖) and similar to many clas-
sical resonators, it plays a negligible role in our device,
cf. Ref. [19].
Under strong coupling conditions, Eq. 2 shows a VRS:
two distinct transition amplitudes. From Eq. 1, the two
vacuum transition frequencies become 2pif0g,1± = ωc +
δ/2±√g2 + (δ/2)2, where δ = ωTLS−ωc (see Fig. 2(e)).
From Eq. 2 it follows that a single TLS at resonance with
the cavity can be distinguished if its maximum response
exceeds the average response of the weakly-coupled TLSs,
i.e. χ = piP0h¯V/6T1 < 1, where T1 = 1/γTLS is the TLS
relaxation time.
Figures 2(a)-(c) show a least squares Monte Carlo
(LSM) fit to the data using the low-temperature limit
of Eq. 2 [26]. The fit yields fc = ωc/2pi = 6.901689
GHz and κ⊥ = 1.92 MHz for the resonator, and fTLS =
ωTLS/2pi = 6.901629 GHz and T2 = 2/γTLS = 3.2 µs
for the TLS, where the T2 is the coherence time of
the resonant TLS. This TLS coherence time is at least
3 times larger than previously characterized individual
TLSs [14, 15].
The fit also yields κ‖/2pi = 493 kHz and g/pi =
366 kHz, where from g we obtain a transition dipole
moment of pmin = (∆0/E)p cos θ = 1.6 Debye =
0.34 eA˚ ((∆0/E) cos θ ≤ 1). This minimum extracted
dipole size for the TLS is consistent with a previous mea-
surement of the same material [23]. The spontaneous
photon emission rate given by the Purcell effect (with κ‖
and pmin) is calculated to be within a factor of 2 of the
measured γTLS, indicating that T2 may be limited by the
photon, rather than phonon, emission.
Figure 2(d) shows data from the same micro-V device
at T = 200 mK. We also fit Eq. 2 to this data with
κ‖ fixed to the low temperature result. The fit reveals
g/pi = 360 kHz, showing almost no effect from temper-
ature, while fTLS = 6.901318 GHz and fc = 6.901576
GHz show a small shift caused by the weakly-coupled
TLS bath, as expected. Unlike the low-temperature re-
sult, δ is now approximately equal to 2g and causes an un-
equal superposition of the bare states. The high (low) fre-
quency side of the VRS, |0, g〉 → |1,+〉 (|0, g〉 → |1,−〉),
involves a cavity-like (TLS-like) state and hence the
cavity-measured amplitude at f0g,1+ (f0g,1−) is larger
(smaller) than an equal-superposition state. Equation
2 with the remaining fit values, T1(200 mK) = 0.57 µs
and κ⊥, allow us to calculate the ratio of the TLS-like
transition amplitude on the background of the cavity-
like transition amplitude as 4g2 tanh(h¯ω/2kBT )T1/κ⊥=
0.67, where tanh(h¯ω/2kBT ) = 0.68. The T1(200 mK) is
shorter than expected from phonon emission which scales
as tanh (h¯ω/2kBT ) and predicts T1(200 mK) = 1.1 µs.
This discrepancy is qualitatively consistent with addi-
tional dephasing expected from spectral diffusion [27] and
the temperature dependence of tunneling barrier TLSs
[15], observed here as a larger linewidth (∼ 1/T1).
Figure 3(a) shows a false-color plot of |S21| (measured
at 25 mK) as a function of frequency and input power Pin,
from a different cooldown of the same micro-V device.
For Pin < −135 dBm we observe VRS similar to those
shown in Fig. 2, as expected from the m = 0→ 1 (single
photon) excitation of the system. At higher powers we
drive some other transitions on the Jaynes-Cummings
ladder (see Fig. 2(e)), such that 2pifm±,(m+1)± = ωc ∓√
g2m+ (δ/2)2 ±√g2(m+ 1) + (δ/2)2, where the ∓ of
the second term corresponds to the m± state index and
the ± of the third term corresponds to the (m+1)± state
index.
Similar to the case of Fig. 2(d), in Fig. 3(a) we see that
the transition at f0g,1+ has a larger amplitude than that
at f0g,1− because |1,+〉 has a larger component of |1, g〉
than |0, e〉. At the highest input power, we must have
the Glauber (coherent) state which at frequency ωc/2pi
is only slightly smaller than f0g,1+. We also notice that
as the power is increased there is a continuous crossover
from |0, g〉 → |1,+〉 to higher-energy transitions eventu-
ally reaching the Glauber (coherent) state. These transi-
tions are excited from |1,+〉 and include the transitions
|m,+〉 → |m+ 1,+〉 in climbing the Jaynes-Cummings
ladder (see |1,+〉 → |2,+〉 in Fig. 2(e)).
In contrast, as we start from f0g,1−, we observe
a different behavior which is caused by the detuning
(|fc − f0g,1−| > |fc − f0g,1+|). A gap of transition am-
plitude appears between the |0, g〉 → |1,−〉 transition
and the higher power transitions |m,−〉 → |m+ 1,−〉
(the |m,±〉 → |m+ 1,±〉 transitions are included in
the (high-power) Glauber state according to the Jaynes-
Cummings model). A break between the |0, g〉 → |1,−〉
and the higher |m,−〉 → |m+ 1,−〉 transitions has been
previously observed as a quantum-to-classical crossover
in a superconducting qubit-resonator system, but there
the crossover to the coherent state, which includes the
|m,+〉 → |m+ 1,+〉 transitions, was not observed due
to the use of an incoherent drive source [28]. The break
4FIG. 3. (a) False-color plot showing measured transmission |S21| vs. input power Pin and frequency f for the micro-V resonator
with V = 80µm3. (b) Simulated power dependence from theoretical fit to model. n¯′max ' 7 indicates the photon number above
which the classical approach is used and the arrow shows the break of m ≥ 1 transitions. (c) False-color plot of the simulated
photon occupancy n¯ vs. Pin and f . The black dashed lines correspond to the vacuum Rabi split transitions at f0g,1− and
f0g,1+. fm±,(m+1)± and fm±,(m+1)∓ are shown for m = 1-5.
from the |0, g〉 → |1,−〉 transition to other transitions
has allowed for demonstrations of photon blockade [29].
We analyzed the nonlinear data in high and low input
power regimes separately. In both regimes, the frequency
scan data was fit at each measurement input power. The
low-power regime starts below P ′in = −130 dBm where
n¯max = n¯
′
max ' 7. For the high power coherent-like
state, fm+,(m+1)+ is very close to fm−,(m+1)− and the
width of the cavity resonance is primarily determined by
κ⊥ (the weakly-coupled TLS bath) which allows a clas-
sical field analysis [19]. A LSM fit to this regime gave
ωc/2pi = 6.880434 GHz, κ‖/2pi = 491 kHz and κ⊥(Pin),
where the weakly-coupled TLS are influenced by Pin, sim-
ilar to previous classical saturation field studies. In the
low-power regime, we used a calculation of the density
matrix, Eq. 1, using the Lindblad formalism. A LSM fit
to this data, using κ‖ and ωc from above, gave g/pi = 1.00
MHz, ωTLS/2pi = 6.880106 GHz, and T1 = 1/γTLS = 325
ns and the remaining regime for κ⊥(Pin), which is ap-
proximately equal to κ⊥ of the largest-volume device
when Pin  P ′in.
A combination of the fits and the resulting n¯ are shown
in Figs. 3(b) and 3(c), respectively. Notice that n¯ >∼ 1
only near fc and at Pin > −136 dBm, while at lower pow-
ers, n¯ has a local maximum in frequency scans at f0g,1−
and f0g,1+. The transition frequencies fm+,(m+1)+ and
fm−,(m+1)− are plotted in Fig. 3(c) where the vertical
placement of m is only suggestive. This shows how the
occupancy of the Jaynes-Cummings transitions near fc
are populated from |1,+〉 rather than |1,−〉 where spon-
taneous emission can cause the |2,+〉 → |1,−〉 transi-
tion. In this system, the TLS spontaneous emission is
small γTLS/4(κ⊥ + κ‖) ' 0.1  1, and is believed to
switch the field phase during |m,+〉 ↔ |m± 1,−〉 tran-
sitions [30]. The other transitions, |m,−〉 → |m+ 1,+〉
and |m,+〉 → |m+ 1,−〉, are suppressed due to low oc-
cupancy of |1,±〉 (n¯ 1) at the frequency of these tran-
sitions, as suggested by the figure.
In conclusion, we have measured and characterized in-
dividual TLSs in an insulating film using strong TLS-
resonator coupling. The dielectric in our experiment is
approximately 2 orders of magnitude thicker than a tun-
neling barrier used in previous (qubit) studies of individ-
ual TLS.
We observe the vacuum Rabi split (VRS) transitions
at single-photon powers, and a crossover to the Glauber
(coherent) state as the input measurement power is in-
creased. The continuous crossover from one VRS tran-
sition, and a discontinuous crossover from the other is
explained by a Jaynes Cummings model. This differs
from superconducting qubit CQED studies which have
an incoherent drive tone to study this crossover, where
more than 2 levels of their qubit are used for quantitative
comparison to simulations.
The device design allows other dielectrics to be studied
in the future, in contrast to studies of TLS in the Joseph-
son tunneling barriers of qubits which (typically) use alu-
minum oxide. One TLS in our SiNx film was found to
have a coherence time of T2 = 3.2 µs, which is longer
than those in superconducting qubits. The difference
may be due to the capacitor structure, which allows the
TLS to be isolated from the electrodes, or the material.
This T2 time is similar to that of the original measure-
ment of the popular transmon qubit and we believe that
in the CQED architecture, TLS with longer coherence
times will be found. One TLS was found to have strong
coupling at g/pi = 1 MHz, such that the VRS transitions
are well resolved, and in the future one transition (from
the CQED system) could be operated as a qubit without
the use of a Josephson-junction qubit.
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